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ABSTRACT 

Depth  profiling  for  the  amount  of  lattice  damage  using  a Confocal  Micro-Raman  (CMR) 
spectrometer  is  demonstrated  in  this  paper.  Samples  of  n-type  silicon  carbide  were  implanted 
with  2 MeV  He  and  O ions  at  both  room  temperature  and  500  °C,  and  fluences  between  10ls  and 
I017  ions/cm2.  Post-implantation  annealing  at  1000  °C  was  also  performed  in  order  to  study  the 
damage  evolution.  Optical  Absorption  Spectrophotometry  (OAS)  was  used  for  establishing  the 
opacity  (and  therefore  the  probing  depth)  of  the  damaged  layer  to  the  632.8  nm  wavelength  of 
the  He-Ne  laser  used  for  CMR  throughout  this  study.  The  methodology  used  and  the  results 
obtained  are  presented  herein.  Total  dissipation  of  amorphous  carbon  islands  was  observed  even 
at  low  annealing  temperatures  of  the  RT  implanted  samples,  along  with  an  increase  in  the  size  of 
the  amorphous  silicon  islands. 


INTRODUCTION 

In  device  fabrication  the  ion  implantation  is  usually  the  doping  method  of  choice  because  it 
offers  precise  control  over  the  spatial  distribution  and  doping  level  using  conventional  masking 
techniques.  Hot  implantation  of  silicon  carbide  is  a common  practice  aimed  at  reducing  the 
damages  incurred  during  the  passage  of  ions  through  the  material,  reducing  the  needs  for  post- 
implantation annealing  for  crystalline  lattice  recovery.  Although  literature  mentions  that  strong 
dynamical  recovery  has  been  achieved  at  temperatures  as  low  as  200  °C,  an  annealing 
temperature  up  to  1 700  °C  is  still  necessary  for  an  acceptable  degree  of  lattice  recovery, 
especially  for  Al-doped  p-type  silicon  carbide.  In  order  to  predict  a certain  type  of  behavior  of  an 
electronic  device,  it  is  important  to  know  the  depth  distribution  of  the  residual  damage  present  in 
the  crystalline  lattice.  This  is  necessary  because  the  carrier  trapping  levels  introduced  in  the  band 
gap  by  lattice  damages  (vacancies,  interstitials,  substitutionals  etc.)  can  significantly  change  the 
electric  behavior.  Techniques  like  Positron  Annihilation  Spectroscopy  [5,6]  and  Rutherford 
Backscattering/Channeling  Spectrometry  [7]  have  been  reported  in  the  literature  as  good  tools 
for  this  type  of  investigation.  This  paper  is  intended  to  present  an  all-optical  approach  of  this 
problem,  using  a CMR  spectrometer  for  depth  monitoring  of  the  400  - 600  cm"'  (amorphous 
silicon)  and  1250  - 1450  cm"'  (amorphous  carbon)  spectral  regions.  Also,  an  UV/Vis  (200  - 980 
nm  wavelength  range)  spectrophotometer  was  used  for  optical  absorption  measurements  aimed 
at  establishing  the  probing  depth  of  the  He-Ne  laser  (632.8  nm  wavelength)  used  by  the  CMR 
spectrometer.  The  SRIM  computer  code  was  used  as  well,  for  establishing  the  ranges  of  the  He 
and  O ions  into  silicon  carbide,  and  to  provide  a depth  profile  for  the  number  of  displaced  atoms 
from  the  silicon  carbide  crystalline  lattice  during  the  implantation  process. 
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METHODOLOGY  FOR  ANALYSIS 


The  confocal  sampling  mode  of  the  micro  Raman  spectrometer  [ 1 ] introduces  the  advantage 
of  reduced/controlled  depth  of  focus,  resulting  in  an  increased  resolution  on  the  z-axis  (the 
normal  at  the  surface  of  the  sample).  Experimentally,  the  confocality  is  measured  usually  by 
plotting  the  intensity  of  the  only  Raman  line  of  silicon  (520  cm'1)  as  a function  of  the  position  of 
the  focus  on  the  z-axis.  The  curve  obtained  for  a confocal  hole  of  200  pm  has  an  almost  gaussian 
shape,  with  the  second  order  momentum  (the  square  root  of  the  variance)  equal  to: 
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For  n-type  6H  silicon  carbide,  considering  n=2.66  (the  refractive  index),  A.=632.8  nm  (the 
wavelength  of  the  He-Ne  laser),  and  the  numerical  aperture  of  the  objective  NA=0.9  (for  the 
100X  objective),  this  quantity  is  520  nm.  Therefore,  the  FWI1M  (full  width  at  half  maximum  = 
the  measure  for  confocality)  of  the  Raman  intensity  curve  becomes  1 .22  pm  (FWHM  = 2.35*o). 
This  value  is  associated  with  the  diameter  of  the  spot  in  the  sample  where  the  laser  beam  is 
focused,  and  from  where  the  Raman  signal  is  collected.  However,  in  implanted  silicon  carbide 
samples,  the  photoabsorption  coefficient  of  the  material  increases  to  very  high  values,  absorbing 
the  probing  light  into  a much  lesser  distance  than  the  one  given  by  the  confocality.  Therefore  a 
“probing  depth”  for  a particular  combination  target  - laser  beam  is  introduced  [2]  as: 
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with  4 the  intensity  of  the  light  scattered  from  the  surface  of  the  sample  to  the  depth  dr,  lj  the 
intensity  of  the  light  scattered  from  the  depth  to  infinity,  and  it  the  photoabsorption 
coefficient.  The  number  in  the  second  part  of  the  formula  above  (2.3)  appears  when  a generally 
accepted  0. 1 value  for  the  ratio  between  the  Ij  and  the  total  scattered  light  is  considered.  One  can 
see  that  extrapolating  for  an  infinite  high  photoabsorption  coefficient  (opacity  of  the  sample),  the 
probing  depth  goes  to  zero,  and  thus  having  analyzed  only  the  surface  of  the  sample. 

UV/Vis  Optical  Absorption  Spectrophotometry  (OAS)  was  used  for  determining  the 
photoabsorption  coefficient  of  the  layer  damaged  by  ion  implantation.  The  absorbance  A 
measured  in  OAS  is  related  to  this  coefficient  by: 

/I  = !g(e'"' )=*//</  (3) 


with  k = 0.4343  and  c/the  distance  traveled  by  the  electromagnetic  radiation  through  the  material 
of  photoabsorption  coefficient  /i  [8],  Assuming  a constant  coefficient  //  ’ for  the  implanted  layer 
of  thickness  d\  one  can  calculate  it  from: 


//  = //  + 


A'- A 
kd' 


(4) 


The  value  for  d'  can  be  easily  estimated  from  damage  distributions  given  by  SRIM  simulations 
for  the  ion  implantation  process,  and  the  two  absorbances  (for  the  sample  after  and  before 
implantation,  at  the  wavelength  of  the  laser  beam  used  in  CMR)  can  be  obtained  from  OAS. 
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EXPERIMENT  AND  RESULTS 


Samples  of  n-type  (N-doped)  silicon  carbide  were  implanted  with  helium  and  oxygen  at  2 
MeV  and  fluences  between  1015  and  1017  ions/cm2  at  both  room  temperature  (RT)  and  500  °C. 
The  ion  implantation  was  carried  out  at  the  Oak  Ridge  National  Laboratory.  Table  1 presents  the 
implantation  conditions  for  the  samples  used  in  this  study.  The  post-implantation  annealing  in 
argon  at  500  and  1000  °C,  and  the  optical  analysis  were  performed  at  the  Center  for  Irradiation 
of  Materials  of  Alabama  A&M  University.  Optical  measurements  (OAS  and  CMR)  were 
employed  before  implantation  and  after  each  annealing  step.  Unimplanted  silicon  carbide 
samples  were  also  annealed  in  identical  conditions,  for  monitoring  the  original  defect  evolution, 
as  a baseline  for  the  defect  densities  of  the  implanted  samples.  The  parameters  used  for  the  CMR 
spectrometer  were  200  pm  confocal  hole,  100X  objective,  1800  g/mm  grating,  20  mW  He-Ne 
laser  (1=632.817  nm),  and  a Peltier  cooled  CCD  detector.  The  spectra  were  acquired  in  the  300- 
700  cm'1  region  for  amorphous  silicon  and  Si-Si  characteristic  peaks  and  1200-1700  cm'1  region 
for  amorphous  carbon.  OAS  was  performed  in  the  200-980  nm  wavelength  range,  although  only 
absorbance  values  at  632.8  nm  were  of  interest  for  this  work. 

The  depth  scanning  was  performed  with  a 1 pm  step,  starting  at  the  surface  of  the  sample  and 
ending  after  the  entire  range  of  the  implanting  ions  was  covered,  when  possible  (probing  depth 
large  enough).  The  ion  ranges  were  obtained  from  SRIM.  Figure  1 presents  the  damage  profiles 
taken  for  both  amorphous  silicon  and  amorphous  carbon  regions  for  the  as  implanted  samples. 
Only  for  two  samples  was  possible  a depth  profiling,  the  others  being  opaque  for  632.8  nm 
wavelength  of  the  laser,  therefore  having  Raman  signal  collected  just  from  the  surface.  Figure  2 
presents  data  for  the  RT  implanted  samples  after  annealing  for  1 hour  at  500  °C  in  argon, 
compared  to  the  samples  implanted  at  500  °C  to  see  the  difference  made  by  the  hot  implantation 
vs.  cold  implantation  + annealing.  Figure  3 presents  the  damage  profiles  of  the  samples  after 
annealing  for  1 hour  at  1000  °C  in  argon.  Damage  profiling  on  unimplanted  silicon  carbide 
annealed  in  the  same  conditions  as  the  implanted  samples  was  also  carried  out  and  the  results  are 
presented  in  Figure  4,  only  for  the  amorphous  silicon  region. 


Table  I,  Implantation  parameters  for  the  silicon  carbide  samples  used  in  this  work. 


Parameter 

Sample  number 

46 

48 

49 

50 

55 

56 

59 

60 

Ion 

He 

He 

He 

He 

O 

O 

O 

O 

Energy  (MeV) 

2 

2 

2 

2 

2 

2 

2 

2 

Fluence  (cm"2) 

1015 

1017 

1015 

1016 

10'5 

1017 

1015 

1016 

Implantation 

Temperature 

RT 

RT 

500  °C 

500  °C 

RT 

RT 

500  °C 

500  °C 
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DISCUSSIONS 


From  Figure  1 one  can  see  that  the  depth  profiling  was  possible  only  for  a few  samples.  The 
“Si”  or  “C”  symbols  in  the  legend  show  for  which  amorphous  region  is  the  respective  plot  taken. 
The  plots  monitoring  the  silicon  region  follow  a shape  mimicking  the  distributions  given  by 
SRIM  simulations  for  silicon  displacements,  with  maximum  values  at  the  depth  where  the 
helium  and  oxygen  ions  stopped  in  the  materia!  (4.66  and  1 .6  (am,  respectively).  This  is  an 
unsurprising  result,  knowing  that  the  damage  is  caused  by  the  nuclear  energy  loss,  which  is  the 
dominating  process  toward  the  end  of  the  ion’s  range.  What  is  surprising  is  that  the  amount  of 
damage  is  greater  in  case  of  hot  implantation  than  the  RT  implantation,  leading  to  the  conclusion 
that  silicon  is  easier  to  be  displaced  at  higher  temperatures,  and  the  damaged  crystalline  lattice  is 
not  recovering  from  this,  as  in  the  general  case  of  other  semiconductors.  However,  there  is  no 
amorphous  carbon  to  be  monitored  for  the  sample  that  was  hot-implanted,  whereas  for  the 
sample  implanted  at  RT  there  is  a relatively  massive  amorphization  of  carbon  present,  with  an 
almost  uniform  distribution  in  depth,  during  the  entire  range  of  helium  ions.  Since  the  sample 
implanted  at  500  °C  is  more  transparent  to  visible  light  than  the  one  implanted  at  RT,  one  can 
conclude  that  the  cause  for  losing  the  transparency  is  the  amorphous  carbon  islands  created 
during  implantations.  Post-implantation  annealing  to  500  °C  of  the  samples  implanted  at  RT  (see 
Figure  2)  presented  a better  transparency  to  visible  light,  allowing  the  depth  profiling  for  most  of 
the  samples,  also  correlated  to  the  complete  disappearance  of  the  amorphous  carbon  peak. 
However,  instead  of  approaching  the  amorphous  silicon  distributions  for  the  hot-implanted 
samples,  the  silicon  amorphization  region  in  sample  46  increases  and  spreads  within  the  sample, 
showing  that  the  situation  actually  worsens  for  the  crystalline  lattice.  This  situation  is  confirmed 
in  Figure  3,  where  the  distributions  for  all  the  samples  presented  there  show  an  overall  increase 
by  a factor  of  2,  along  with  a “leveling”  (more  significant  in  the  case  of  helium  implanted 
samples).  Also,  the  difference  between  the  samples  implanted  at  RT  and  the  ones  hot-implanted 
becomes  negligible  at  this  point.  The  confinnation  that  this  is  an  effect  due  solely  to  the  ion 
implantation,  Figure  4 shows  the  non-implanted  witness  sample,  whose  amorphous  silicon 
distribution  remains  relatively  unchanged  throughout  the  temperature  range  investigated. 


CONCLUSIONS 

The  work  presented  here  demonstrates  that  is  possible  to  use  a CMR  setup  for  monitoring  the 
depth  distribution  of  damages  in  materials  that  are  relatively  transparent  to  the  wavelength  of  the 
laser  used.  A methodology  for  estimating  the  depth  resolution  is  described,  and  the  techniques 
for  obtaining  the  parameters  involved  are  mentioned. 

It  has  been  shown  that  hot-implantation  of  silicon  carbide  is  preferable  over  RT  implantation 
followed  by  annealing.  In  addition,  it  was  shown  a complete  dissipation  of  the  amorphous  carbon 
regions  even  at  low  annealing  temperatures.  As  for  the  amorphous  silicon  regions  in  the  material, 
it  was  shown  that  they  do  not  dissipate,  but  rather  increase  in  dimensions  with  the  annealing 
temperatures.  Further  studies  at  higher  temperatures  are  recommended  for  future  work,  for  an 
accurate  monitoring  of  their  evolution. 
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